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Separase, Polo Kinase, the Kinetochore Protein
Slk19, and Spo12 Function in a Network that
Controls Cdc14 Localization during Early Anaphase
in the nucleolus by its inhibitor Cfi1/Net1. Cdc14 is re-
leased from its inhibitor during anaphase, allowing it
to dephosphorylate its substrates (Shou et al., 1999;
Visintin et al., 1999; Traverso et al., 2001). A signal trans-
duction pathway known as the mitotic exit network
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(MEN) controls the localization of Cdc14 (Shou et al.,40 Ames Street
1999; Visintin et al., 1999). Genetic evidence suggestsCambridge, Massachusetts 02139
that the GTPase Tem1 functions at or near the top of
MEN and is regulated both by the GEF Lte1 and the
two component GAP complex Bub2–Bfa1. Activation ofSummary
Tem1 is thought to lead to the propagation of a signal
to the protein kinase Cdc15, which is then thought toIn budding yeast, the phosphatase Cdc14, a key regu-
activate the protein kinase Dbf2 in a manner dependentlator of exit from mitosis, is released from its inhibitor
on the Dbf2-associated factor Mob1. The polo kinaseCfi1/Net1 in the nucleolus during anaphase. A signal-
Cdc5 regulates mitotic exit in multiple ways (revieweding cascade, known as the mitotic exit network (MEN),
in Bardin and Amon, 2001) and has recently been showncontrols this release. We have identified a regulatory
to activate MEN by phosphorylating Bfa1, thereby inacti-network, the FEAR (Cdc fourteen early anaphase re-
vating Tem1’s GAP (Hu et al., 2001). How MEN promoteslease) network that promotes Cdc14 release from the
the dissociation of Cdc14 from Cfi1/Net1 is not known.nucleolus during early anaphase. The FEAR network is
Yeast cells initiate anaphase before exiting from mito-comprised of the polo kinase Cdc5, the separase Esp1,
sis and control mechanisms exist that determine thethe kinetochore-associated protein Slk19, and Spo12.
order of these events. The regulators of sister chromatidWe also show that the FEAR network initiates Cdc14
separation Pds1 and Esp1 are part of such a regulatoryrelease from Cfi1/Net1 during early anaphase, and MEN
circuit (Cohen-Fix and Koshland, 1999; Tinker-Kulbergmaintains Cdc14 in the released state during late ana-
and Morgan, 1999). Overexpression of a nondegradablephase. We propose that one function of Cdc14 released
version of Pds1, in addition to preventing the onset ofby the FEAR network is to stimulate MEN activity.
sister chromatid separation, also delays the inactivation
of mitotic CDKs. Pds1 regulates exit from mitosis by at
least two mechanisms: one is dependent on ESP1 andIntroduction
one is ESP1 independent. Esp1 has also been shown
to regulate exit from mitosis. High levels of Esp1 canSuccessful cell division requires that each daughter cell
induce mitotic CDK inactivation in cell-cycle stagesreceives only one copy of each chromosome. For this
other than telophase. Conversely, cells carrying a tem-to occur, cells must duplicate each chromosome and
perature sensitive esp1-1 allele are delayed in mitoticsegregate the duplicated genetic material equally be-
CDK inactivation (Cohen-Fix and Koshland, 1999; Tinker-tween the two progeny cells during mitosis. In budding
Kulberg and Morgan, 1999). How Esp1 controls exit fromyeast, the onset of chromosome segregation at the
mitosis is not known.metaphase-anaphase transition is controlled by the ubi-
Here, we show that Esp1 together with the polo kinasequitin-protein ligase APC/C (anaphase promoting com-
Cdc5, the kinetochore protein Slk19, and Spo12, a pro-plex/cyclosome) complexed with its activator Cdc20 (re-
tein previously implicated in controlling exit from mitosisviewed in Zachariae and Nasmyth, 1999). The APC/CCdc20
(Parkes and Johnston, 1992; Jaspersen et al., 1998),initiates anaphase by triggering the ubiquitin-dependent
function in a regulatory network, termed the FEAR (Cdc
proteolysis of the anaphase inhibitor Pds1 (also known
fourteen early anaphase release) network to induce re-
as securin). Destruction of Pds1 liberates the protease
lease of Cdc14 from the nucleolus during early ana-
Esp1 (also known as separase), allowing it to cleave phase. We find that the FEAR network and MEN function
Scc1/Mcd1, a component of a protein complex called independently of each other to promote Cdc14 release
cohesin that holds sister chromatids together. Cleavage from the nucleolus. The FEAR network initiates Cdc14
of Scc1/Mcd1 then leads to the onset of chromosome release from the nucleolus during early anaphase, and
segregation (reviewed in Nasmyth et al., 2000; Uhlmann, MEN maintains Cdc14 in the released state during late
2001). After the completion of chromosome segregation, anaphase and telophase. We also find that Cdc14 re-
mitotic Clb cyclin-dependent kinases are inactivated leased by the FEAR network is capable of dephosphory-
and cells exit from mitosis (CDKs; reviewed in Morgan, lating at least one of its substrates and propose that
1999; McCollum and Gould, 2001; Bardin and Amon, one role of Cdc14 released by the FEAR network is to
2001). The protein phosphatase Cdc14 plays an essen- stimulate MEN activity.
tial role in promoting Clb-CDK inactivation. Cdc14 re-
verses CDK phosphorylation, thereby triggering Clb Results
cyclin degradation and accumulation of the Clb-CDK
inhibitor Sic1. Cdc14 Is Transiently Released from the Nucleolus
During G1, S, G2, and early M phase, Cdc14 is held during Early Anaphase in MEN Mutants
In wild-type cells, Cdc14 is released from the nucleolus
during early anaphase and remains in this released state1 Correspondence: angelika@mit.edu
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until mitotic spindles are disassembled (Shou et al.,
1999; Visintin et al., 1999; Figure 1A). Mutants defective
in components of the mitotic exit network arrest in telo-
phase with Cdc14 tightly sequestered in the nucleolus
(Shou et al., 1999; Visintin et al., 1999). However, when
we examined the localization of Cdc14 in MEN mutants
progressing through the cell cycle in a synchronous
manner, we noticed that Cdc14 was transiently released
from the nucleolus during early anaphase (Figure 1). In
cdc15-2, dbf2-2, or tem1-3 mutants, Cdc14 was diffuse
throughout the nucleus in a small fraction (10–15%) of
cells coinciding with cultures entering anaphase (Fig-
ures 1B and 1C, left column; Figure 1F; data not shown).
At later time points, as MEN mutants reached their termi-
nal arrest point (with fully elongated mitotic spindles and
well separated DNA masses) Cdc14 was, as previously
reported, tightly sequestered in the nucleolus (Figures
1B, 1C, and 1F; data not shown; Shou et al., 1999; Visintin
et al., 1999).
The release of Cdc14 from the nucleolus in cdc15-2,
dbf2-2, and tem1-3 mutants during early anaphase was
particularly evident when we correlated the length of
the mitotic spindle with Cdc14 localization. In budding
yeast, metaphase spindles are 1.5–2 m in length and
elongate during anaphase to reach a length of 10 m
during telophase (e. g. Yeh et al., 1995). In wild-type
cells, Cdc14 was released from the nucleolus in over
90% of cells with mitotic spindles 4–10 m in length,
which indicates that Cdc14 is released from the nucleo-
lus in early anaphase and remains in this released state
throughout anaphase and telophase until cells exit from
mitosis (Figure 1A). Live cell analysis of a Cdc14-GFP
fusion protein revealed similar results (S. Yoshida and
A. Toh-E, personal communications). In cdc15-2, dbf2-2,
and tem1-3 mutants, Cdc14 was released from the nu-
cleolus in over 80% of cells with mitotic spindles 4–6
m in length and in more than 50% of cells with 6–8 m
Figure 1. Cdc14 Is Transiently Released from the Nucleolus during
Early Anaphase in MEN Mutants
(A, B, C, and E) Wild-type (A1411, [A]), cdc15-2 (A1674, [B]), dbf2-2
(A2025, [C]), and cdc5-1 (A1678, [E]) cells all carrying a CDC14-HA
fusion were arrested in G1 in YEPD medium with  factor (5 g/ml)
followed by release into YEPD medium lacking pheromone at 37C.
The percentage of cells with metaphase (open circles), and ana-
phase spindles (open squares), as well as the percentage of cells
with Cdc14-HA released from the nucleolus (closed circles) was
determined at the indicated times. The graph on the right shows
the percentage of cells with Cdc14 released from the nucleolus in
relation to length of the mitotic spindle. Cells harvested 80–100
(wild-type), 80–100 (cdc15-2), 90–110 (dbf2-2), and 140–150 (cdc5-1)
min after pheromone release were analyzed. For the cdc5-1 mutant
(E), both partial and full release of Cdc14 from the nucleolus was
determined. In this and subsequent experiments, a total of over 350
cells were analyzed for each strain.
(D) GAL-UPL-TEM1 (A3545) cells grown in YEP Raffinose  Galac-
tose (YEPRG) medium were shifted to YEPD medium and arrested
in G1 with  factor (5 g/ml) for 4 hr. Cells were subsequently
released into YEPD medium lacking pheromone at 37C. Samples
were analyzed as in (A). Spindle length–Cdc14 correlation studies
were performed on samples 90–110 min after pheromone release.
(F) Cdc14 localization in cdc15-2 mutants with mitotic spindles 2,
4, 6, 8, and 10 m in length. Cdc14 is shown in red, mitotic spindles
in green, and DNA in blue.
(G) Example for “partial release” of Cdc14 from the nucleolus.
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long mitotic spindles (Figures 1B and 1C, right column; finding indicates that in contrast to TEM1, CDC15, and
DBF2, CDC5 is required for the release of Cdc14 fromdata not shown). In cells with mitotic spindles 8–10 m
in length (8–12 m is the spindle length observed in the the nucleolus during early anaphase.
terminal arrest of MEN mutants), Cdc14 was released
from the nucleolus in only 10% of cells (Figures 1B and ESP1 Is Required for MEN-Independent
1C and data not shown). The fact that Cdc14 is released Cdc14 Release from the Nucleolus
from the nucleolus in 80% of cells or more with 4–6 m during Early Anaphase
long spindles suggests that this transient release occurs Several observations raised the possibility that ESP1
in most, if not all, cells. The reason why only a maximum was required for release of Cdc14 from the nucleolus
of 10–15% of the total cell population is found to have during early anaphase observed in MEN mutants. (1)
Cdc14 released from the nucleolus is likely due to the ESP1 was required for the timely exit from mitosis (Co-
fact that it takes cells only 8 min to elongate their mitotic hen-Fix and Koshland, 1999; Tinker-Kulberg and Mor-
spindles from 4 m to 7 m (e.g., Yeh et al., 1995). gan, 1999). (2) esp1-1 mutants were partially defective
To determine whether the transient release of Cdc14 in releasing Cdc14 from the nucleolus (Figure 3D). (3)
from the nucleolus during early anaphase observed in The release of Cdc14 from the nucleolus occurred con-
MEN mutants was due to residual activity of tempera- comitantly with the activation of Esp1 at the onset of
ture-sensitive MEN mutant alleles, we analyzed Cdc14 anaphase. (4) Release of Cdc14 during early anaphase
localization in cells depleted for TEM1. A strain carrying required CDC5, which functions together with ESP1 to
TEM1 fused to the destabilizing UPL domain under the trigger sister chromatid separation (Alexandru et al.,
control of the GAL1-10 promoter (GAL-UPL-TEM1) as 2001). We therefore investigated whether ESP1 is re-
the sole source of TEM1 (Shou et al., 1999) shows a first quired for the transient release of Cdc14 from the nucle-
cell-cycle arrest in telophase, when transcription of the olus during early anaphase observed in MEN mutants.
fusion is repressed by glucose (Shou et al., 1999; Figure Indeed, the transient release of Cdc14 from the nucleo-
1D). Cdc14 was transiently released from the nucleolus lus during early anaphase observed in cdc15-2 mutants
in Tem1-depleted cells with mitotic spindles 4–8 m in or cells depleted for TEM1 was largely absent in cdc15-2 or
length. However, we noticed that two classes of cells GAL-UPL-TEM1 cells carrying a temperature-sensitive
with Cdc14 released from the nucleolus existed. In one esp1-1 allele (Figures 2A and 2B).
class, Cdc14 was completely released from the nucleo- It is possible that cdc15-2 esp1-1 mutants fail to re-
lus. In the other class, Cdc14 was diffuse throughout the lease Cdc14 from the nucleolus during early anaphase
nucleus, but some enrichment of Cdc14 in the nucleolus because esp1-1 mutants fail to separate sister chroma-
was detectable. The latter localization pattern was clas- tids and elongate their mitotic spindle. To address this
sified as “partial release”; an example is shown in Figure possibility, we compared the kinetics of Cdc14 release
1G. The less pronounced release of Cdc14 from the from the nucleolus in cdc15-2 esp1-1 mutants, with that
nucleolus during early anaphase in Tem1-depleted cells of cdc15-2 cells rendered incompetent to separate sister
compared to that seen in temperature sensitive MEN chromatids due to expression of a noncleavable form
mutants may reflect the more effective inactivation of of SCC1/MCD1 (GAL-SCC1RR-DD). In cells expressing
MEN in Tem1-depleted cells. Nevertheless, it was clear Scc1RR-DD, sister chromatids fail to separate and mi-
that in Tem1-depleted cells, Cdc14 was released from totic spindle elongation does not occur, although Esp1
the nucleolus during early anaphase. Our results indi- is active (Uhlmann et al., 1999). In cdc15-2 GAL-
cate that Cdc14 release from the nucleolus during early SCC1RR-DD cells, the transient release of Cdc14 from
anaphase seen in wild-type cells also occurs in MEN the nucleolus during early anaphase was reduced sug-
mutants. But in contrast to wild-type cells, MEN mutants gesting that sister chromatid separation and/or spindle
cannot maintain Cdc14 in its released state during later elongation were, to some extent, important for the re-
stages of mitosis. We conclude that Cdc14 release from lease of Cdc14 from the nucleolus during early ana-
the nucleolus is initiated during early anaphase in a phase. The mechanisms whereby these events contrib-
MEN-independent manner. MEN activity is, however, ute to Cdc14 release from the nucleolus are unknown.
essential for maintaining Cdc14 in this released state Inactivation of ESP1, however, had a more dramatic
during late stages of anaphase and telophase. Using effect on Cdc14 release from the nucleolus than pre-
the same approach, we found that Cfi1/Net1, which lo- venting sister chromatid separation and mitotic spindle
calizes to the nucleolus throughout the cell cycle, was elongation (Figure 2C). This was particularly evident
not transiently released from the nucleolus during early when we determined the localization of Cdc14 in cells
anaphase (data not shown). with mitotic spindles 3 m or longer 90 min after release
from the G1 arrest. Cdc14 was released from the nucleo-
lus in 60% of cdc15-2 and 40% of cdc15-2 GAL-Cdc14 Is Not Transiently Released
from the Nucleolus during Early SCC1RR-DD but only in 3% of cdc15-2, esp1-1 cells
(Figure 2C). This result suggests that ESP1 is requiredAnaphase in cdc5-1 Mutants
Several studies showed that CDC5 functions in multiple for the transient release of Cdc14 from the nucleolus
during early anaphase and that this requirement is notways to control exit from mitosis (Hu et al., 2001; Lee et
al., 2001a, 2001b; Visintin and Amon, 2001). We therefore solely an indirect consequence of ESP1’s role in the
initiation of anaphase.wished to examine whether cells defective in CDC5 re-
leased Cdc14 from the nucleolus during early anaphase. To further establish that ESP1 was required for the
transient release of Cdc14 from the nucleolus duringCdc14 was sequestered in the nucleolus during early
and late anaphase in cdc5-1 mutants (Figure 1E). This early anaphase in MEN mutants, we examined the kinet-
Cell
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Figure 2. The Transient Release of Cdc14 from the Nucleolus in MEN Mutants Depends on ESP1
(A) cdc15-2 (A1674) and cdc15-2 esp1-1 (A3290) cells were grown and analyzed as described in Figure 1A.
(B) GAL-UPL-TEM1 (A3545) and GAL-UPL-TEM1 esp1-1 (A3548) cells were grown and analyzed as described in Figure 1D.
(C) cdc15-2 (A1674), cdc15-2 GAL-SCC1RR-DD (A3691), and cdc15-2 esp1-1 (A3290) cells were arrested in G1 in YEP Raffinose (YEPR)
medium with  factor (5 g/ml). One hour prior to release from the G1 block, galactose was added (YEPRG). Cells were released into YEPRG
medium lacking pheromone at 37C. Spindle length measurements (graph on the right) were conducted on cells with mitotic spindles 3 m
and longer 90–100 min after release from the G1 block.
(D) cdc15-2 mad1::URA3 mcd1-1 (A3795) and cdc15-2 mad1::URA3 mcd1-1 esp1-1 (A3797) were grown and analyzed as described in Figure
1A. Cdc14–mitotic spindle correlation studies (graph on the right) were performed on samples harvested 90–110 min after pheromone release.
(E and F) Wild-type (A1411), mad1::URA3 (A2853), bub2::HIS3 (A1901), and mad1::URA3 bub2::HIS3 (A3059) cells were arrested with  factor
(5 g/ml) and released into medium lacking (E) or containing (F) 15 g/ml nocodazole at 25C to determine the percentage of Cdc14 release
from the nucleolus (closed circles) and the percentage of budded (open squares) and “rebudded” (open circles) cells. Rebudding indicates
that nocodazole-treated cells have exited mitosis and entered a new cell cycle.
ics of Cdc14 release from the nucleolus in cdc15-2 sary to perform this experiment in cells lacking the mi-
totic spindle checkpoint component MAD1.esp1-1 mutants under conditions where ESP1 activity
was dispensable for mitotic spindle elongation. Scc1/ cdc15-2 mad1 mcd1-1 cells released Cdc14 from
the nucleolus during early anaphase in a manner indis-Mcd1 encodes a component of cohesin, and cells car-
rying a mutation in this cohesin subunit, such as the tinguishable from that of cdc15-2 mutants (Figure 2D).
In contrast, cdc15-2 mad1 mcd1-1 esp1-1 mutantsmcd1-1 mutation, do not establish cohesion between
sister chromatids. Consequently, chromosome segre- failed to release Cdc14 from the nucleolus (Figure 2D).
Furthermore, a large fraction of cdc15-2 mad1 mcd1-1gation and mitotic spindle elongation occur in the ab-
sence of ESP1 function (Severin et al., 2001). The mcd1- cells with mitotic spindles 4–10 m in length, but not
cdc15-2 mad1 mcd1-1 esp1-1 cells had Cdc14 re-1 mutation causes activation of the mitotic spindle
checkpoint (Severin et al., 2001), which made it neces- leased from the nucleolus (Figure 2D). Our results indi-
Regulation of Cdc14 Localization
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Figure 3. esp1-1 Mutants Are Defective in
Exit from Mitosis
(A and B) We analyzed the kinetics of exit
from mitosis in esp1-1 mutants lacking the
spindle checkpoint component MAD1, to rule
out the possibility that delays in exit from mi-
tosis observed in esp1-1 mutants were due
to activation of the spindle checkpoint.
mad1::URA3 (A2853), esp1-1 mad1::URA3
(A2977), and GAL-SCC1RR-DD mad1::URA3
(A3019) cells were arrested in G1 in YEPR
medium with  factor (5 g/ml) and released
into YEPRG medium lacking pheromone at
37C. The percentage of budded (A2853) and
dumbell cells with an extra bud (rebudded
cells [A]; A2977 and A3019) and the percent-
age of cells with metaphase spindles (B) was
determined. Arrows in (A) indicate when
mad1 cells having produced their 1st and the
2nd bud were maximal in wild-type cultures.
(C–E) mcd1-1 mad1::URA3 (A2784), mcd1-1
esp1-1 mad1::URA3 (A3550), and esp1-1
mad1::URA3 (A2977) cells all carrying a
CDC14-HA fusion were grown as described
in Figure 1A. The percentage of cells with
metaphase and anaphase/telophase spin-
dles (C), the percentage of cells with Cdc14
released from the nucleolus (open circles)
and telophase spindles (closed squares; [D]),
and the amount of Clb2 protein and Clb2-
associated kinase activity (E) was deter-
mined. Kar2 was used as a loading control in
Western blots. The graph on the right in (D)
shows the percentage of Cdc14 released
from the nucleolus in relation to mitotic spin-
dle length (samples 75–105 [A2784] and 90–
120 [A3550] minutes after pheromone release
were used for this analysis).
cate that ESP1 is required for the transient release of timely release of Cdc14 from the nucleolus requires
ESP1 function. In mad1 bub2 double mutants, Cdc14Cdc14 from the nucleolus observed in MEN mutants.
release from the nucleolus occurred with kinetics similar
to that of wild-type cells progressing through the cellTwo Pathways Regulate Cdc14 Release from
cycle in the absence of the spindle poison (Figure 2F),the Nucleolus in Nocodazole-Arrested Cells
confirming earlier findings that BUB2 and the MAD/We obtained further evidence to indicate that two path-
BUB1/BUB3-group of genes restrain exit from mitosisways exist that control Cdc14 localization and that ESP1
by independent mechanisms (reviewed in Gardner andregulates Cdc14 release from the nucleolus indepen-
Burke, 2000). Our results indicate that Cdc14 localizationdently of MEN when we analyzed Cdc14 localization in
is regulated by two independent pathways, MEN andmad1or bub2cells treated with nocodazole. Nocoda-
an ESP1-dependent pathway. We termed the novel reg-zole treatment activates the mitotic spindle checkpoint,
ulatory circuit that controls Cdc14 localization duringcausing cells to arrest in metaphase. MAD1, MAD2,
early anaphase the FEAR network for Cdc fourteen earlyMAD3, BUB1, and BUB3 prevent degradation of Pds1
anaphase release network.and thus Esp1 activation when the checkpoint is acti-
vated. BUB2 restrains MEN activity in response to
checkpoint activation (reviewed in Gardner and Burke, esp1-1 Mutants Are Defective in Exit from Mitosis
To further establish that ESP1 regulates the release of2000). In nocodazole-treated mad1 cells (in these cells
Esp1 is active but MEN is not), Cdc14 was transiently Cdc14 from the nucleolus and thus exit from mitosis,
we characterized cell-cycle progression of esp1-1 mu-released from the nucleolus (Figure 2F). The onset of
Cdc14 release from the nucleolus in mad1 cells was tants in detail. esp1-1 cells fail to separate sister chro-
matids but cell-cycle progression continues (McGrewsimilar to that of wild-type cells progressing through the
cell cycle in the absence of nocodazole (Figure 2E), but et al., 1992; Surana et al., 1993). After a delay, cells exit
from mitosis and initiate a new cell cycle (Tinker-Kulbergmad1 cells could not maintain Cdc14 in the released
state. In nocodazole-treated bub2 cells (in these cells and Morgan, 1999). Since cytokinesis is incomplete in
esp1-1 cells, mother and daughter cell remain con-MEN is active but Esp1 is not), Cdc14 release from the
nucleolus was delayed (Figure 2F), suggesting that the nected, and the daughter cell, which has received the
Cell
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nucleus, forms a bud upon entry into the subsequent not absolutely essential for exit from mitosis but is re-
quired for this event to occur in a timely fashion.cell cycle (“rebudding”). Exit from mitosis was delayed
in esp1-1 mutants as judged by a delay in rebudding
(Figure 3A). Whereas wild-type cells formed their second ESP1 Is Essential for Mitotic Exit in Cells
bud 90–120 min after pheromone release, esp1-1 mu- Lacking LTE1
tants did not do so until 180 min. The putative exchange factor for Tem1, Lte1, is, unlike
Next, we tested whether the mitotic exit delay ob- other MEN components, essential only at low tempera-
served in esp1-1 mutants was due to defects in sister tures (Shirayama et al., 1994), suggesting that other fac-
chromatid separation and/or spindle elongation. Cells tors promote mitotic exit at high temperatures in the
expressing a noncleavable version of the cohesin sub- absence of LTE1. Since ESP1 is also an activator of
unit Scc1/Mcd1 (Scc1RR-DD) showed a modest delay mitotic exit, we hypothesized that removal of both acti-
in exit from mitosis (Figure 3A), but mitotic spindle disas- vators might lead to a more pronounced defect in exit
sembly and rebudding was substantially more (90 min) from mitosis. Indeed, esp1-1 lte1 double mutants were
delayed in esp1-1 mutants (Figures 3A and 3B). esp1-1 inviable at 30C (Figure 4C). This synthetic lethality was
cells were also delayed in Cdc14 release from the nucle- rescued by deletion of BUB2 (Figure 4C) suggesting that
olus and exit from mitosis under conditions when ESP1 a defect in exit from mitosis was the cause of lethality
was no longer required for chromosome segregation in esp1-1 lte1 double mutants.
and mitotic spindle elongation. In mcd1-1 mad1 cells To analyze the terminal phenotype of esp1-1 lte1
with anaphase- and telophase-like spindles, Cdc14 was double mutants, we constructed an esp1-1 strain car-
released from the nucleolus when the mitotic spindle rying a LTE1-GFP fusion under the control of the GAL1-
was 4–6 m in length (Figure 3D). In contrast, a large 10 promoter as the sole source of LTE1. As Lte1 is a
fraction of esp1-1 mcd1 mad1 cells showed defects stable protein, depletion of Lte1 did not occur for several
in Cdc14 release from the nucleolus with Cdc14 release hours after glucose addition (data not shown). However,
occurring only when the mitotic spindle was fully ex- cells eventually ceased to divide and arrested in telo-
tended (8–10 m; Figure 3D). Clb2 protein levels and phase with Cdc14 sequestered in the nucleolus (Figures
Clb2-associated kinase activity were also elevated, and 4D and 4E). We conclude that ESP1 is essential for
telophase spindles persisted for 45 min longer in mad1 Cdc14 release from the nucleolus and mitotic exit to
mcd1-1 esp1-1 mutants than in mad1 mcd1-1 cells occur in cells lacking LTE1.
(Figures 3C and 3E). It is important to note that mitotic
exit, as judged by Clb2 kinase inactivation, was delayed SLK19 Is Required for MEN-Independent Release
by more than 75 min in esp1-1 mad1 mutants, but by of Cdc14 from the Nucleolus
only 45 min in esp1-1 mad1 mcd1-1 (Figure 3E). This during Early Anaphase
suggests that the mitotic exit defect observed in esp1-1 To date, two substrates of Esp1, the cohesin subunit
mutants is in part due to defects in mitotic spindle elon- Scc1/Mcd1 and the kinetochore protein Slk19 have been
gation. Our results, however, also clearly show that identified (Uhlmann et al., 1999; Sullivan et al., 2001).
ESP1 regulates exit from mitosis independently of mi- To determine whether these Esp1 substrates were also
totic spindle elongation, likely by regulating Cdc14 local- required for release of Cdc14 from the nucleolus during
ization. early anaphase, we examined whether deletion of any
one protein causes a delay in exit from mitosis. Cells
depleted for Scc1/Mcd1 exhibited a minor (5 min) delayCells Depleted for ESP1 Are Delayed in Exit
from Mitosis in mitotic exit (data not shown). In contrast, the effect
of deleting SLK19 on mitotic exit was pronounced.esp1-1 mutants were not defective in exit from mitosis,
but showed only a delay in this cell cycle transition. It Cdc14 was released from the nucleolus in only 50% of
anaphase and telophase slk19mad1 cells (Figure 5A;was therefore possible that the esp1-1 allele was not a
null allele at the restrictive temperature with respect to MAD1 was deleted to avoid delays in mitotic exit caused
by activation of the spindle checkpoint induced by theESP1’s mitotic exit function. To test this possibility, we
analyzed the consequences of ESP1 depletion on exit absence SLK19; Zeng et al., 1999). Mitotic exit was also
delayed by 20 min as judged by a delay in Clb2 degrada-from mitosis. ESP1 under the control of the methionine
repressible MET3 promoter and tagged with 18 MYC tion, inactivation of Clb2 kinase activity, and mitotic
spindle disassembly (Figure 5B). This finding suggestsepitopes was fused to the heat-inducible Degron cas-
sette (esp1-td-18Myc), which targets proteins for degra- that SLK19 is required for the efficient release of Cdc14
from the nucleolus and exit from mitosis. Consistentdation via the N-end rule pathway at 37C (Dohmen et
al., 1994). Upon addition of methionine and shift to 37C, with a role of SLK19 in mitotic exit, we also found that
slk19 lte1 double mutants are inviable and that thisEsp1-td-Myc was degraded within two hours (Figure 4A).
esp1-1 and esp1-td-18MYC cells failed to separate synthetic lethality is rescued by deletion of BUB2 (data
not shown).sister chromatids (data not shown) and were similarly
delayed in mitotic exit as judged by mitotic spindle dis- To determine whether SLK19, like ESP1, regulated the
MEN-independent release of Cdc14 from the nucleolusassembly and rebudding (Figure 4B). This result indi-
cates that the esp1-1 mutation closely resembles a com- during early anaphase, we analyzed Cdc14 localization
in cdc15-2 mad1 mutants lacking SLK19. The tran-plete loss-of-function mutation not only with respect to
sister chromatid separation but also exit from mitosis. sient release of Cdc14 from the nucleolus observed in
cdc15-2 mad1 mutants was largely absent in cdc15-2As exit from mitosis was not abolished in esp1-td-
18MYC cells, our results further indicate that ESP1 is mad1 slk19 mutants. A large fraction of cdc15-2
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Figure 4. ESP1-Depleted Cells Are Delayed
in Exit from Mitosis, but ESP1 Is Essential for
Mitotic Exit in the Absence of LTE1
(A) mad1::URA3 cells carrying an esp1-td-
18MYC fusion as the sole source of ESP1
(A3557) were transferred from medium lack-
ing methionine (0 time point) to YEPD medium
containing 4 mM methionine (37C). Depletion
of the fusion was followed by Western blot
analysis.
(B) mad1::URA3 (A2853), esp1-1 mad1::URA3
(A2977), and esp1-td-18MYC mad1::URA3
cells (A3557) grown at 25C in medium lacking
methionine were shifted to YEPD medium
containing 4 mM methionine and arrested in
G1 with  factor (5 g/ml) for 2 hr at 25C
followed by 2 hr at 37C. Cells were released
into YEPD medium containing 4 mM methio-
nine at 37C. The percentage of budded cells
(A2853) and rebudded cells (A2977 and
A3557) and the percentage of cells with meta-
phase spindles was determined. As 40% of
A3557 cells never entered the cell cycle after
pheromone release and hence were unbud-
ded (data not shown), rebudding was normal-
ized to the total amount of budded cells rather
than total cell number. Arrows in the left graph
indicate when cells having produced their 1st
and the 2nd bud were maximal in wild-type
cultures.
(C) Wild-type (A3723), lte1::kanR (A4101),
esp1-1 (A4102), esp1-1 lte1::kanR (A4017),
and esp1-1 lte1::kanR bub2::HIS3 (A4103)
cells all carrying LTE1 on a CEN4-URA3 plas-
mid were streaked on plates either containing
5-fluororotic acid (FoA; selects against the
plasmid) or plates lacking uracil (selects for
the plasmid) at 30C.
(D and E) GAL-GFP-LTE1 (A3587) and GAL-
GFP-LTE1 esp1-1 (A4145) cells were grown
in YEPD medium for 12 hr at 25C and subse-
quently shifted to 30C in YEPD (12 hr time
point). (This regimen of medium and tempera-
ture shift was necessary to deplete cells of
the GFP-Lte1 protein.) Note that esp1-1 mu-
tants show no growth impairment at 30C (C).
Depletion of GFP-Lte1 was determined by
Western blot analysis and the percentage of
cells with anaphase and telophase spindles
was determined (D).
(E) Cdc14-HA localization and mitotic spindle
morphology of GAL-GFP-LTE1 esp1-1 cells
6 hr after shift to 30C.
mad1 slk19 cells with mitotic spindles 4–8 m in slk19 mad1 cultures. These results suggest that
SLK19, like ESP1, controls Cdc14 localization duringlength had Cdc14 sequestered in the nucleolus (Figures
5C and 5D). However, whereas inactivation of ESP1 early anaphase, but the requirement for SLK19 to pro-
mote release of Cdc14 from the nucleolus during earlycompletely abolished release of Cdc14 from the nucleo-
lus in early anaphase, 15% of slk19 cells with 4–10 m anaphase is less stringent than the requirement for
ESP1.long spindles showed partial release of Cdc14 from the
nucleolus during early anaphase (Figure 5D). Esp1 cleaves Slk19 generating stable N- and C-ter-
minal cleavage products (Sullivan et al., 2001). WhenFigure 5 also shows that SLK19, like ESP1, is specifi-
cally required for the onset of Cdc14 release from the the C-terminal cleavage product is rendered unstable,
cells are delayed in exit from mitosis (Sullivan et al.,nucleolus during early anaphase, whereas MEN compo-
nents are not. In mad1 or cdc15-2 mad1 cells, Cdc14 2001). These findings raised the possibility that Esp1
promotes release of Cdc14 from the nucleolus duringrelease from the nucleolus was maximal 10 min after
metaphase. In contrast, peak levels of Cdc14 release early anaphase by cleaving Slk19. Several results, how-
ever, suggest that cleavage of Slk19 is not necessaryfrom the nucleolus were seen only 30 min after cells
with metaphase spindles were at a maximal level in for FEAR-network induced release of Cdc14 from the
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Figure 5. SLK19 and SPO12 Are Required for Efficient Cdc14 Release from the Nucleolus during Early Anaphase
(A and B) mad1::URA3 (A2853) and mad1::URA3 slk19::kanR (A4302) cells were released from a pheromone block into medium lacking
pheromone at 25C.  factor was readded 80 min after pheromone release. The percentage of cells with metaphase (open circles, [A]) and
anaphase (open squares, [A]) spindles and Cdc14 released from the nucleolus (closed circles, [A]) and the amount of Clb2 protein and Clb2-
associated kinase (B) was determined.
(C and D) cdc15-2 mad1::URA3 (A4300) and cdc15-2 mad1::URA3 slk19::kanR (A4304) were released from an  factor arrest into medium
lacking pheromone at 35C. The percentage of cells with metaphase (open circles), anaphase spindles (open squares), and the percentage
of cells with Cdc14-HA completely (closed circles) or partially (closed squares) released from the nucleolus was determined (C).
(D) Cdc14 released from the nucleolus in relation to length of the mitotic spindle. Samples 50–70 min after pheromone release were used.
(E and F) mad1::URA3 (A2853) and mad1::URA3 spo12::HIS4 (A4503) cells were grown and analyzed as described in Figure 5A. The percentage
of cells with metaphase (open circles, [E]) and anaphase (open squares, [E]) spindles and Cdc14 released from the nucleolus (closed circles,
[E]), and the amount of Clb2 protein and Clb2-associated kinase (F) was determined.
(G and H) cdc15-2 mad1::URA3 (A4300) and cdc15-2 mad1::URA3 spo12::HIS5 (A4500) were grown and analyzed as described in Figure 5C,
except cells were released from G1 at 37C. The percentage of cells with metaphase (open circles), anaphase spindles (open squares), and
the percentage of cells with Cdc14-HA completely (closed circles) or partially (closed squares) released from the nucleolus was deter-
mined (G).
(H) Cdc14 released from the nucleolus in relation to length of the mitotic spindle. Samples 100–120 min after pheromone release were used.
nucleolus. (1) Expression of neither the N-terminal nor mann, personal communications), and expression of this
noncleavable Slk19 mutant protein rescues the syn-the C-terminal cleavage product restored release of
Cdc14 from the nucleolus during early anaphase in thetic lethality of the lte1 slk19 double mutant (data
not shown). These results suggest that, although SLK19esp1-1 cdc15-2 mutants (data not shown). (2) Expres-
sion of neither cleavage product nor coexpression of is a component of the FEAR network, its cleavage is not
necessary for FEAR-induced Cdc14 release from theboth cleavage products rescued the synthetic lethality
of esp1-1 lte1 mutants (data not shown). The C-ter- nucleolus. However, we cannot exclude the possibility
that in situ, cleavage of the full-length protein is a prereq-minal SLK19 cleavage product is however capable of
rescuing the synthetic lethality of lte1 slk19 double uisite for the cleavage products to exert their function
in the FEAR network.mutants (data not shown) and the mitotic exit defect
of slk19 cells (M. Sullivan and F. Uhlmann, personal
communications) indicating that it can perform SLK19’s SPO12 Is Required for Complete Release of Cdc14
from the Nucleolus during Early Anaphasekey cell-cycle functions. (3) Cells carrying a noncleav-
able version of SLK19 as the sole source of SLK19 have Overexpression of SPO12, a gene of unknown function,
suppresses the temperature-sensitive lethality of tem1-3,no defect in exit from mitosis (M. Sullivan and F. Uhl-
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cdc15-2, dbf2-2, and cdc5-1 mutants (Parkes and John- we found that a cdc15 mutant that can no longer be
phosphorylated (cdc15-7A; Jaspersen and Morgan,ston, 1992; Jaspersen et al., 1998). We therefore investi-
gated whether SPO12 was required for Cdc14 release 2000) rescued the synthetic lethality of esp1-1 lte1
mutants (Figure 6D). Our results suggest that Cdc14of the nucleolus during early anaphase. Cells lacking
SPO12 showed defects in Cdc14 release from the nucle- released during early anaphase by the FEAR network
dephosphorylates Cdc15, thereby stimulating its abilityolus (Figure 5E) and mitotic exit was delayed by 10–15
min as judged by a delay in Clb2 degradation, inactiva- to promote mitotic exit.
tion of Clb2-associated kinase activity and mitotic spin-
dle disassembly (Figure 5F). This finding suggests that Cdc14 Is Required for the Timely Activation of MEN
SPO12 is required for the efficient release of Cdc14 from Our results suggest that Cdc14 released from the nucle-
the nucleolus and exit from mitosis. olus by the FEAR network dephosphorylates Cdc15. If
SPO12 was also required for the transient release of dephosphorylation of Cdc15 by Cdc14 were important
Cdc14 from the nucleolus observed in cdc15-2 mutants for full activation of MEN, then components of MEN,
(Figures 5G and 5H). The release of Cdc14 from the such as Dbf2, should be less active in cdc14-3 mutants
nucleolus observed in cdc15-2 mad1 mutants was di- than in wild-type cells. In wild-type cells, the specific
minished but not abolished in cdc15-2 spo12 mad1 activity of the protein kinase Dbf2 (Dbf2-associated ki-
mutants. These results suggest that SPO12, like SLK19, nase activity/Dbf2 protein) was low during G1, S phase,
is required for the efficient release of Cdc14 from the and early mitosis, but high during anaphase and telo-
nucleolus during early anaphase. Consistent with this phase (Figure 7A, Toyn and Johnston, 1994). In cdc14-3
idea, we found that spo12 lte1 double mutants are mutants, the specific activity of Dbf2 was somewhat
inviable and that this synthetic lethality is rescued by slow to rise, and only reached 50% of the maximal levels
deletion of BUB2 (data not shown). observed in wild-type cells (Figure 7A). This observation
is consistent with previous findings showing that Dbf2
kinase activity is not as active in cdc14-1 or cdc14-3Cdc15 Is Dephosphorylated in a Manner Dependent
mutants as in wild-type anaphase/telophase cells (Mahon Cdc14 Released by the FEAR Network
et al., 2001; Visintin and Amon, 2001). We also find thatWhen the FEAR network-dependent release of Cdc14
ESP1 was required for full activation of Dbf2 kinasefrom the nucleolus is abolished, mitotic exit is delayed,
(Figure 7A), indicating that not only CDC14, but alsoindicating that Cdc14, released from the nucleolus dur-
ESP1 is required for complete and timely activation ofing early anaphase, is important for the timely exit from
Dbf2 kinase.mitosis. But is Cdc14 released by the FEAR network
If CDC14 were required for full activation of Dbf2 ki-active? To address this question, we examined the
nase, high levels of Clb2 kinase, which antagonizesphosphorylation status of one Cdc14 substrate, Cdc15,
Cdc14 activity (Visintin et al., 1998; Jaspersen et al.,under conditions where FEAR network-dependent re-
1999), should also inhibit Dbf2 kinase activity. To testlease of Cdc14 from the nucleolus occurred, but MEN-
this, we overexpressed a stabilized version of Clb2dependent release did not, in a dbf2-2 mutant. Cdc15,
(GAL-CLB2db, Surana et al., 1993) and found that theas opposed to other Cdc14 substrates, was chosen
specific activity of Dbf2 was reduced (Figure 7B). Fur-for analysis, because dephosphorylation of Cdc15 has
thermore, Cdc14 was released from the nucleolus atbeen shown to stimulate Cdc15 activity, suggesting the
the onset of anaphase in these cells, but many cellsexistence of a feedback loop where Cdc14 stimulated
resequestered Cdc14 into the nucleolus during the pro-MEN activity (Jaspersen and Morgan, 2000). Thus, ana-
longed telophase arrest brought about by stabilizedlyzing whether Cdc15 is dephosphorylated by Cdc14
Clb2 (Figure 7C). This was also observed in cells lackingreleased by the FEAR network also enabled us to test
BUB2, indicating that hyperactivation of MEN cannotwhether Cdc14 released by the FEAR network could, in
overcome the inhibitory effects of Clb2 kinase on Dbf2principle, promote Cdc15 activation.
activity (data not shown). Our results indicate thatCdc15 phosphorylation can be assessed by analyzing
CDC14 is required for Dbf2 to be fully active and thatits mobility by SDS-PAGE. Dephosphorylated Cdc15 mi-
high levels of Clb2 CDKs antagonize Dbf2 activity. Ourgrates faster in SDS-PAGE than phosphorylated Cdc15
findings further suggest that Cdc14 release from the(Jaspersen and Morgan, 2000; Xu et al., 2000). Cdc15
nucleolus during early anaphase is not affected by mi-was transiently dephosphorylated during early ana-
totic CDK activity, but maintenance of Cdc14 in thephase in dbf2-2 mutants, as judged by the appearance
nucleus and cytoplasm during late stages of anaphaseof faster migrating forms of Cdc15 as dbf2-2 mutants
and during telophase is, to some extent, inhibited.entered anaphase 70 min after release from the G1 arrest
(Figures 6B and 6C). The dephosphorylation of Cdc15
observed in dbf2-2 mutants was not as pronounced as Discussion
in wild-type cells (Figure 6A; Jaspersen and Morgan,
2000; Xu et al., 2000), indicating that MEN also contrib- Given the central role of Cdc14 in promoting exit from
mitosis, it is critical to understand how Cdc14 is regu-utes to the complete dephosphorylation of Cdc15. Nev-
ertheless, the transient dephosphorylation that is ob- lated. We report here the identification of a regulatory
circuit termed the FEAR network that promotes the re-served in dbf2-2 mutants was completely absent in
cdc14-3 mutants and decreased in esp1-1 mutants (Fig- lease of Cdc14 from the nucleolus during early anaphase,
and show that it requires the activity of the separaseure 6B), suggesting that Cdc14 released by the FEAR
network during early anaphase is active. Consistent with Esp1, the polo kinase Cdc5, the kinetochore-associated
protein Slk19, and Spo12, a protein of unknown function.the idea that dephosphorylation of Cdc15 is an impor-
tant function of Cdc14 released by the FEAR network, Our findings also indicate that release of Cdc14 from
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Figure 6. Cdc15 Is Transiently Dephosphory-
lated during Early Anaphase in a CDC14-
Dependent Manner
(A) Phosphorylation status of Cdc15-HA in
wild-type cells (A3392) progressing through
the cell cycle after release from a pheromone
arrest.
(B and C) dbf2-2 (A4078), dbf2-2 cdc14-3
(A4173), and dbf2-2 esp1-1 (A4228) cells all
carrying a CDC15-HA fusion were released
from a pheromone arrest into medium lacking
pheromone at 35C. The electrophoretic mo-
bility of Cdc15-HA (B) and the percentage of
cells with metaphase and anaphase spindles
(C) was determined. Lane “C” in (B) shows
the electrophoretic mobility of the nonphos-
phorylatable Cdc15-7A protein (Jaspersen
and Morgan, 2000). Since Cdc15 levels are
higher in cdc14-3 and esp1-1 mutants than
in wild-type cells, an exposure of 2 min is
shown for wild-type and a 40 s exposure for
cdc14-3 and esp1-1 mutants.
(D) Wild-type (A3723), esp1-1 lte1::kanR
(A4017), esp1-1 lte1::kanR cdc15::HIS3 CDC15-
3HA::LEU2(A4105), and esp1-1 lte1::kanR
cdc15::HIS3 cdc15-7A-3HA::LEU2 (A4106)
cells all carrying LTE1 on a CEN4-URA3 plas-
mid were streaked on plates either contain-
ing 5-fluororotic acid or plates lacking uracil
at 30C.
the nucleolus is controlled in two steps, and by two FEAR component Esp1 in promoting both sister chroma-
tid separation and ensuring timely exit from mitosis en-separate networks. The FEAR network initiates Cdc14
release from Cfi1/Net1 during early anaphase, and MEN sures that Cdc14 release from the nucleolus is delayed
until sister chromatid separation has been initiated. Acti-maintains Cdc14 in the released state during late ana-
phase and telophase. We propose that the two path- vation of MEN is controlled by at least one signal, the
migration of the nucleus into the bud (reviewed in Bardinways integrate Cdc14 release from the nucleolus with
different cellular events. The dual requirement for the and Amon, 2001). By employing MEN to maintain Cdc14
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Figure 7. Dbf2 Kinase Activity Is Decreased in cdc14-3 Mutants and Cells Overexpressing CLB2 Lacking the Destruction Box
(A) DBF2-MYC (A1931), cdc14-3 DBF2-MYC (A2179), and esp1-1 DBF2-MYC (A2253) cells were released from a G1 block at 37C to determine
the specific activity of Dbf2 kinase (autoradiograms and left graph), the percentage of cells with metaphase (right graph), and anaphase/
telophase spindles (middle graph).
(B) DBF2-MYC (A1931) and GAL-CLB2db DBF2-MYC (A3680) cells were arrested with 3 g/ml  factor in YEPR medium and released into
YEPRG medium to determine the specific activity of Dbf2 kinase (autoradiograms and left graph) and the percentage of cells with anaphase/
telophase spindles.
(C) CDC14-HA (A1411) and GAL-CLB2db CDC14-HA (A1731) cells were grown as described in Figure 7B and the percentage of cells with
metaphase (closed circles), anaphase/telophase spindles (open squares), and Cdc14 released from the nucleolus (open circles) was determined.
in its released state, cells ensure that exit from mitosis be an artifact of employing MEN mutants. The onset of
Cdc14 release from the nucleolus in MEN mutants oc-does not occur prior to the delivery of a complement of
curs with similar kinetics as in wild-type cells. The exis-the genetic material to the daughter cell.
tence of two pathways promoting Cdc14 release from
the nucleolus is not only evident in MEN mutants but also
A Regulatory Network Controlling Cdc14 Activity in nocodazole-arrested cells. When MAD1 is deleted,
A careful analysis of Cdc14 localization in MEN mutants allowing ESP1 to be active in nocodazole-treated cells,
revealed that Cdc14 was transiently released from the Cdc14 is released from the nucleolus as if no drug was
nucleolus during early anaphase (in cells with mitotic added, but it is not maintained in the released state.
spindles 4–7 m in length), but was rapidly reseques- Conversely, when ESP1 activity is restrained, but MEN
tered into the nucleolus during later stages of anaphase, activity is not due to deletion of BUB2, Cdc14 release
when the mitotic spindle extended beyond 7 m. This from the nucleolus occurs with a delay.
transient release is readily detectable only when MEN The transient release of Cdc14 from the nucleolus
mutants progress through the cell cycle in a synchro- during early anaphase requires ESP1, CDC5, SLK19, and
nous manner and then only when Cdc14 localization is SPO12. CDC5 is essential not only for FEAR network-
analyzed at 10 min intervals. The finding that Cdc14 was dependent release of Cdc14 from the nucleolus but also
released in more than 80% of MEN mutants with mitotic for maintaining Cdc14 in its released state. Cells lacking
spindles 4–7 m in length suggests that Cdc14 is re- ESP1, SLK19, or SPO12 are defective in releasing Cdc14
leased from the nucleolus during early anaphase in from the nucleolus only during early anaphase. Esp1’s
most, if not all, MEN mutants. The release of Cdc14 from role in promoting Cdc14 release from the nucleolus ap-
pears more complex than that of Slk19 or Spo12. Ourthe nucleolus during early anaphase is also not likely to
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data indicate that defects in mitotic spindle elongation Cdc14 substrates in this pathway, such as Lte1 and
Dbf2, (Visintin and Amon, 2001; A.Seshan, personaland/or sister chromatid separation are in part responsi-
ble for the mitotic exit delay observed in esp1-1 mutants. communication) are activated by dephosphorylation re-
mains to be determined.Furthermore, even under conditions where ESP1 is no
longer required for mitotic spindle elongation and chro-
mosome segregation, the delay in mitotic exit is more A Model for Regulating Mitotic Exit: Two-Step
severe in esp1-1 mutants than in slk19 or spo12 mu- Control of Cdc14
tants. Exit from mitosis is delayed by 40 min in esp1-1 At the onset of anaphase, the FEAR network is activated
mutants, but only by 20 min in cells lacking SLK19 or at least in part by the degradation of Pds1, and induces
10–15 min in spo12 cells. Determining whether ESP1, the release of Cdc14 from the nucleolus. MEN activation
SLK19, SPO12, and CDC5 work together or in parallel occurs once the Tem1-bearing SPB moves into the bud
to promote Cdc14 release from the nucleolus during during anaphase (reviewed in McCollum and Gould,
early anaphase and identifying the mechanism(s) where- 2001; Bardin and Amon, 2001), but Cdc14 liberated by
by the FEAR network (and MEN) accomplish this task the FEAR network further stimulates MEN activity by
are key questions that remain to be addressed. dephosphorylating Cdc15. Activated MEN then main-
It is important to note that abolishing the FEAR net- tains Cdc14 in its released state during late anaphase
work-dependent release of Cdc14 from the nucleolus and telophase. How this positive feedback loop is bro-
during early anaphase, either by inactivating ESP1 or ken, so that Cdc14 returns into the nucleolus when mi-
deleting SLK19 and/or SPO12, delays but does not pre- totic CDKs are inactivated, is an important question that
vent exit from mitosis. MEN eventually can promote the remains to be addressed.
dissociation of Cdc14 from Cfi1/Net1 in the absence of When overexpressed, ESP1 induces premature exit
the FEAR network. Indeed, when MEN is hyperactivated from mitosis in metaphase-arrested cells (Tinker-Kul-
by deleting BUB2, the FEAR network is dispensable for berg and Morgan, 1999). Overexpression of CDC5
exit from mitosis, as esp1-1 mad 1 bub2 mutants exit causes Cdc14 release from the nucleolus in metaphase
mitosis without delay (Shirayama et al., 1999). However, cells and premature exit from mitosis (Charles et al.
when MEN activity is decreased by deleting LTE1, the 1998; Shirayama et al., 1998; R.V. unpublished observa-
FEAR network becomes indispensable for this cell-cycle tions). High levels of SPO12 suppress the temperature-
transition. sensitive lethality of tem1-3, cdc15-2, dbf2-2, and cdc5-
1 mutants (Jaspersen et al., 1998). Thus, overexpression
of FEAR network components can induce a prolongedFunctions of Cdc14 during Early Anaphase
Our data indicate that Cdc14 released during early ana- release of Cdc14 from the nucleolus, sufficient to induce
exit from mitosis. Why the FEAR network only inducesphase by the FEAR network is active. A known substrate
of Cdc14, Cdc15 is transiently dephosphorylated during a transient release of Cdc14 from the nucleolus that is
insufficient to induce exit from mitosis is unclear. Per-early anaphase in a Cdc14-dependent manner. We also
showed that this dephosphorylation was not due to haps the activity of one or more components of the
FEAR-network is restricted to anaphase, causing theMEN-dependent Cdc14 activity, as it occurred in dbf2-2
mutants. Cdc14 is likely to dephosphorylate a range of “release signal” generated by the FEAR network to be
short lived. Alternatively, on a more speculative note, itsubstrates once it is released from the nucleolus during
early anaphase, but it cannot perform its key cell-cycle is possible that sustained release of Cdc14 from the
nucleolus requires export into the cytoplasm, which re-function. Cdc14 induces the switch between mitosis,
when Clb CDKs inhibit Clb cyclin degradation and accu- quires MEN-dependent modifications of Cdc14. In this
regard, it is interesting to note that Cdc14 released bymulation of the CDK inhibitor Sic1, and G1, when Clb
proteolysis and Sic1 inhibit Clb CDKs (Visintin et al., the FEAR network is predominantly localized in the nu-
cleus, but in wild-type cells or nocodazole-treated1998; Jaspersen et al., 1999). Maintenance of Cdc14 in
the nucleus and cytoplasm by MEN is needed for Cdc14 bub2 cells, Cdc14 is also found in the cytoplasm.
The two-step mode of release of Cdc14 from the nu-to successfully trigger this switch. In the absence of
MEN, this switch collapses, probably because Cdc14 is cleolus appears to be conserved at least between
S. pombe and S. cerevisiae. In S. pombe, the Cdc14not released from the nucleolus for a sufficient period
of time. homolog Clp1/Flp1 is released from the nucleolus during
early mitosis, and the septation initiation network, theOne possible function of Cdc14 released by the FEAR
network was that Cdc14 enhances the activity of MEN. homologous pathway of MEN, is required to maintain
Clp1/Flp1 in its released state (Cueille et al., 2001; Traut-There is good evidence that Cdc14 dephosphorylates
and stimulates the activity of at least one MEN compo- mann et al., 2001). Whether a pathway analogous to
that of the FEAR network exists that initiates Clp1/Flp1nent, the protein kinase Cdc15 (Jaspersen and Morgan,
2000; Xu et al., 2000). Indeed, Cdc14 dephosphorylates release during early anaphase is not known. In closing,
we note that the fact that CDC5, CDC14, SLK19, andCdc15 during early anaphase in an ESP1-dependent
but MEN-independent manner. Our data further indicate SPO12 are required for ensuring that homologous chro-
mosomes and not sister chromatids segregate duringthat CDC14 is required for full activation of the MEN
component Dbf2. We conclude that Cdc14 released meiosis I (Klapholz and Esposito, 1980; Sharon and
Simchen, 1990; Kamieniecki et al., 2000) raises the intri-from the nucleolus by the FEAR network is important
for full MEN activity and thus for maintaining itself in the guing possibility that the FEAR network and Cdc14 are
at least in part responsible for bringing about the meioticreleased state. Whether Cdc15 is the only MEN compo-
nent activated by Cdc14 or whether other potential chromosome segregation pattern.
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Experimental Procedures Jaspersen, S.L., and Morgan, D.O. (2000). Cdc14 activates Cdc15
to promote mitotic exit in budding yeast. Curr. Biol. 10, 615–618.
All strains were derivatives of strain W303 (K699). The GAL-GFP- Jaspersen, S.L., Charles, J.F., Tinker-Kulberg, R.L., and Morgan,
LTE1 fusion, the lte1::kanR, spo12::HIS5, and slk19:: kanR deletion D.O. (1998). A late mitotic regulatory network controlling cyclin de-
were constructed using the PCR-based method described by Long- struction in Saccharomyces cerevisiae. Mol. Biol. Cell 9, 2803–2817.
tine et al. (1998). The esp1-td-18MYC construct was created by Jaspersen, S.L., Charles, J.F., and Morgan, D.O. (1999). Inhibitory
fusing the heat-inducible degron (Dohmen et al., 1994) to the MET3 phosphorylation of the APC regulator Hct1 is controlled by the ki-
promoter. A URA3 gene was inserted upstream of the MET3 pro- nase Cdc28 and the phosphatase Cdc14. Curr. Biol. 9, 227–236.
moter and served as a selectable marker during transformation. The
Kamieniecki, R.J., Shanks, R.M., and Dawson, D.S. (2000). Slk19pMET3-degron was then introduced at the N terminus of ESP1 using
is necessary to prevent separation of sister chromatids in meiosisa PCR-based method as described by Longtine et al. (1998). CDC14-
I. Curr. Biol. 10, 1182–1190.HA, CDC15-HA, and DBF2-MYC were described in Taylor et al.
Klapholz, S., and Esposito, R.E. (1980). Recombination and chromo-(1997), Jaspersen et al. (1998), and Visintin and Amon (2001), respec-
some segregation during the single division meiosis in SPO12–1tively. All SLK19 constructs are described in Sullivan et al. (2001).
and SPO13–1 diploids. Genetics 96, 589–611.Growth conditions for individual experiments are described in the
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